abbreviated as G3P). The positions of the genetic loci for glycerol kinase, the aerobic G3P dehydrogenase, the anaerobic G3P dehydrogenase, the G3P transport system, and the glp repressor have been determined in previous investigations (3, 4, 9; and Fig. 2) . A clue to the location of the glpF gene specifying the facilitator was provided by the observation that approximately half of the spontaneously arising glycerol-negative mutants lack both the kinase and the facilitator (Richey, unpublished data). This double defect could be the consequence of either deletions, which are relatively common among spontaneous mutations, or nonsense mutations, in which case the two genes not only must be in close proximity, but must be transcribed as a single unit as well. Furthermore, the isolation of a mutant in which the facilitator and the kinase levels were both increased strongly indicates that the two genes are actually members of the same operon (2) . 78 The assay for the facilitated diffusion system for glycerol was demonstrated originally by an optical technique dependent upon the use of a very high glycerol concentration (0.8 M). Until now, no evidence has been obtained as to whether the property thus characterized determines the capacity of cells to utilize glycerol under physiological conditions. An earlier study demonstrated that glycerol kinase normally limits the growth rate when glycerol is supplied in abundance (18) . In this report, we show that, in low concentrations of the carbon source, strains characterized as facilitator-positive according to The aerobic G3P dehydrogenase was assayed by coupling the enzymatic reaction to a tetrazolium dye (10) .
The rate of facilitated diffusion of glycerol across the cell membrane was estimated by an optical method based on transient changes in the cell volume which occur upon sudden exposure of the cell to hypertonic glycerol (14) . The activity of the facilitated diffusion system (facilitator) is expressed as T½, the time in seconds for one-half the final optical density change to occur. The spectrophotometric assay of facilitator has two inherent limitations. First, the inability of the instrument to record optical changes occurring during the initial 2 sec after addition of glycerol prevents quantitation of the facilitator when the level of its activity is very high. Secondly, noncatalyzed passive diffusion apparently occurs at an appreciable rate when large concentration gradients exist across the cell membrane. These limitations fortunately do not prevent the classification of strains studied.
RESULTS
Different alleles for the glycerol facilitator. Three classes of mutants affected in the facilitated diffusion of glycerol have been derived from E. coli strain 1 which is wild type for all enzymes of the glp system. They are typified by strain 248 which bears a presumptive "up-promoted" mutation affecting the synthesis of glycerol kinase and the facilitator (2), strain 227 which lacks glycerol kinase but possesses the facilitator, and strain 229 which is impaired in both. The induced levels of 
The glycerol 3-phosphate (G3P) regulon. The letters F, K, D, and R represent the genes for glycerol facilitator, glycerol kinase, (aerobic) G3P dehydrogenase, and the repressor, respectively. The notation "p" in the F and K columns indicates the presence of a mutation in the promoter region associated with these genes.
c Obtained from L. M. Corwin.
d Y. Sanno, unpublished. glycerol facilitator, glycerol kinase, and G3P dehydrogenase in these strains are given in Table 2 . Facilitator-negative, but kinase-positive mutants have not yet been isolated. However, the presence of glycerol kinase activity, albeit at levels somewhat lower than those found in wild-type E. coli, and the slow response of the intact cells to a hypertonic solution of glycerol suggest that S. flexneri strain M4243 has the genotype of glpF, glpK+ (see also Transduction of glpF. Close linkage of the alleles specifying glycerol facilitator and glycerol kinase in both E. coli and S. flexneri was established by a series of transduction experiments. Cells of an E. coli strain negative for both glycerol facilitator and glycerol kinase were treated with phage P1 prepared from E. coli strain 1 (glpF+, glpK+), E. coli strain 242
(glpF", glpKP), or S. flexneri strain M4243 (glpF, glpK+). Figure 3 shows the distribution of facilitator character among the glycerolpositive transductants selected on agar containing 0.02 M glycerol. In every case the kinase-positive transductant exhibited a T½ for glycerol permeability which is the same as that of the donor strain.
To test whether selection for the glpK+ allele biased the inheritance of the allele for the facilitator for functional reasons, another transductional analysis was carried out in which the nearby rha locus was used as the selected marker, with both glpK and glpF as unselected markers. Table 4 shows that the two glp alleles were inherited with approximately equal efficiency, suggesting that there was little selection against glpF transductants on agar containing a high concentration of glycerol as the source of carbon and energy.
Role of the facilitator during growth on glycerol. Despite the large variation of the activities of the facilitator and the considerable variations of the activities of the kinase among strains being compared, their doubling times in a mineral medium containing 10 mm glycerol are practically the same (see Table 2 ). This suggests that the facilitator is superfluous when the glycerol is present in the medium in abundance and confirms the results of an earlier study which showed that under affluent conditions the intracellular concentrations of fructose diphosphate (FDP) arising from glycerol limits its rate of dissimilation through feedback inhibition of glycerol kinase (19) . Although the level of the activity of glycerol kinase in the extract of S. flexneri is lower than that found in the E. coli extracts, its magnitude should still be sufficient to assure a doubling time of approximately 1 hr (10) .
An examination of the kinases prepared from E. coli strains 281, 282 (which bears the glpF, glpK+ operon from S. flexneri), and 283 revealed no significant differences with respect to apparent substrate affinity, sensitivity to FDP inhibition, or reaction with specific antiserum prepared against a crystalline preparation of glycerol kinase from wild-type E. coli in a double-diffusion analysis (Table 5) . Strain 257 is glpD, and strain 261 is glpD+. As expected, the results were not influenced by the nature of the glpD allele.) Rhamnose-positive colonies were tested for glycerol permeability and glycerol kinase activity. The latter was scored by inhibition of growth on plates containing casein hydrolysate plus glycerol (when strain 257 served as the recipient), or by growth on minimal glycerol plates (when strain 261 served as the recipient). The question of whether the facilitator plays an essential role when the substrate is scarce was examined by comparing the growth rates of E. coli and S. flexneri strains bearing different glpF alleles as a function of concentrations of the carbon source. Figure 4 shows that, whereas the glpF+ strain of E. coli grows equally well at 10 mm and 1 mm glycerol, the growth rate of the glpF strain is greatly diminished at the lower concentration even though 1 mm is still two orders of magnitude higher than the Km of the kinase for glycerol. It should also be noted that a glpF+ genotype enables the cell not only to grow faster than the glpF genotype at 1 mm glycerol, but also to maintain exponential growth until glycerol is virtually exhausted. These growth patterns are not altered when the glpF+ and glpF alleles are tested in cells constitutive in the glp system. Nor are the patterns altered when the two different glpF alleles are tested in cells of S. flexneri (Fig. 5) .
Experiments of the above kind were also performed with E. coli and Shigella strains bearing the promoter mutation in the glpF, glpK cluster. The growth pattern was the same as that of the glpF+, glpK+ strains, but the rates of growth were slightly higher in the case of promoter mutation-bearing cells.
DISCUSSION
The fact that both wild-type S. flexneri and glpF mutants of E. coli retain a glycerol permeability that is characterized by maximal T* of 20 to 40 sec suggests that bacterial cell membranes are intrinsically permeable to glycerol as a consequence of the small size of this substrate and its charge neutrality. This would explain why glycerol analogues such as 1,3-propanediol and 3-chloro-1, 2-propanediol, whose permeability is not appreciably influenced by the presence or absence of the E. coli facilitator, also show T½ of about 20 sec (unpublished data). The possibility cannot be ignored, however, that the entry of glycerol and its analogues is catalyzed by other permeation systems at a low level of activity. Direct physical chemical studies of the permeability of artificial phospholipid membranes to these small neutral molecules is therefore desirable to verify whether the activation energies required for breaching the barrier of the phospholipid bilayers are indeed low.
An inducible permeation system associated with a glycerol-binding protein in Pseudomonas aeruginosa has been reported (17) . Whether this system, too, catalyzes only facilitated diffusion remains to be established. It is perhaps a significant fact that so far no active transport system for glycerol has been uncovered. The difficulty of effective retention of the substrate against a concentration gradient because of the intrinsic physical property of the membrane may have prevented the evolution of an active transport.
It is believed that regressive evolution has been taking place in the lactose-utilizing system of Shigella dysenteriae manifested by the loss of the lacY gene for p-galactoside permease and the apparent accumulation of missense mutations in the Z gene which codes for the partially active f,-galactosidase. However, the function of the I gene, which codes for the repressor, remains intact presumably because it is selectively advantageous to prevent the wasteful synthesis of a gratuitous enzyme (11) . By analogy, it can be postulated that the glyc- Growth of E. coli on glycerol. Cells growing exponentially (to about 100 Klett units) in 10 mM glycerol were collected by centrifugation, resuspended in minimal medium, and diluted into minimal medium containing glycerol at the indicated concentrations. Growth curves were obtained from 10 ml of medium contained in a 300-ml side-arm flask and shaken at 37 C. erol pathway in S. flexneri is also on its way to extinction, although it can be argued that the organism is in the process of acquiring a metabolic pathway and that an efficient permeation system is yet to be added.
